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Because of their low energy content, microwave signals at the single-photon level are extremely
challenging to measure. Guided by recent progress in single-photon optomechanics and hybrid
optomechanical systems, we propose a multimode optomechanical transducer that can detect inten-
sities significantly below the single-photon level via adiabatic transfer of the microwave signal to
the optical frequency domain where the measurement is then performed. The influence of intrinsic
quantum and thermal fluctuations is also discussed.
PACS numbers: 42.50.Wk, 07.10.Cm, 07.57.Kp
Introduction.—The microwave frequency domain of the
electromagnetic spectrum is the stage of a wealth of phe-
nomena, ranging from the determination of the quantum
energy levels of superconductor nanostructures to the ro-
tational modes of molecules and to the characterization
of the cosmic microwave background. Several detection
schemes sensitive to microwave radiation at the single-
photon level have been demonstrated. Examples include
semiconductor quantum dots in high magnetic field [1],
circular Rydberg atoms in cavity QED setups [2–4], and
superconducting qubits in circuit QED [5, 6]. An alter-
native approach involves the use of linear amplifiers [7].
These devices allow the reconstruction of average am-
plitudes [5] and correlation functions [8] and may oper-
ate both as phase-preserving (insensitive) [9] and phase-
sensitive [10, 11] amplifiers, but they require an integra-
tion over many events to achieve a sizable signal.
Even though there have been proposals and experi-
ments to realize a photon multiplier in the microwave
regime [12–14], no general purpose efficient single-photon
detector has been developed so far, as photon energies
in that frequency domain are in the milli-electron volt
range, 3 orders of magnitude smaller than in the visible
or near-infrared spectral regions. On the other hand, in
the optical frequency domain a variety of ultra-sensitive
detectors have been developed over the past sixty years.
This suggests that an alternative route for the detec-
tion of feeble microwave signals is via their conversion
to the optical frequency domain. Photonic front-end mi-
crowave receivers based on the electro-optical effect [15]
and atomic interfaces based on electromagnetically in-
duced transparency have exploited nonlinear conversion
to this end [16, 17]. The main limitations in sensitivity
are the small strength of the interaction and the fluctu-
ations of the optical driving fields.
Recent advances in nano- and optomechanics offer an
attractive approach to engineer interactions of light and
mechanics that achieve that goal via the radiation pres-
sure force; see Ref. [18] for recent reviews. Several the-
oretical proposals have considered the optomechanically
mediated quantum state transfer between microwave and
optical fields [19–22] and have emphasized the potential
of hybrid systems as quantum information interfaces [23–
26], in which case state transfer fidelity is of particular in-
terest. Developments of particular relevance include the
experimental realization of coherent conversion between
microwave and optical field based on a hybrid optome-
chanical setup [27–29]. The present work has the differ-
ent goal to convert the mean intensity of a feeble, narrow
band microwave signal to a signal at an optical frequency
where detection can proceed by traditional methods.
One key aspect of this proposed detector is that it re-
lies on an off-resonant, multimode process. This is mo-
tivated by the need to manage and minimize the ther-
mal mechanical noise, as well as to circumvent the effect
of the fluctuations of the driving electromagnetic fields
required to ensure a strong enough optomechanical cou-
pling. These sources of noise can be significantly reduced
by (i) working in a far off-resonant regime with respect
to the mechanics, (ii) using pumping fields that drive
ancillary cavity modes different from those at the sig-
nal frequencies, for both microwave and optical, and (iii)
exploiting the polariton modes of the cavity-mechanics
system to perform the frequency conversion of the signal
via a modulation of the detuning of the optical pump.
The system.— The proposed sensor is composed of a
mechanical oscillator optomechanically coupled to both a
microwave and an optical multimode resonator; see ide-
alized setup in Fig. 1.
Consider first the microwave cavity. To avoid the noise
connected with the pumping field while still maintaining
a large optomechanical coupling strength, we adopt a
multimode configuration where a strong optomechanical
coupling is provided by an auxiliary field at frequency
ωbp different from that of the signal to be detected, see
Fig. 1(b). This three-mode optomechanical interaction is
2Figure 1: (a) Dual-cavity optomechanical system. (b) Sketch
of the heterodynelike pumping scheme with the microwave
signal and the driving field near resonant with cavity mode b
and ancilliary mode bp, respectively. Similarly in the optical
side.
described by the Hamiltonian [30–32]
V3m = ~gb0(bˆp + bˆ)
†(bˆp + bˆ)(cˆ+ cˆ
†), (1)
where gb0 is the single microwave photon optomechani-
cal coupling constant. We assume that ωbp is resonant
with a longitudinal cavity mode, while the signal field bˆ,
assumed to be extremely weak, is slightly detuned from
another mode of frequency ωb. In the displaced picture
for bˆp and cˆ, bˆp → βp + bˆp and cˆ → C + cˆ, the Hamilto-
nian (1) becomes
V3m,eff = ~Gb(bˆ+ bˆ
†)(cˆ+ cˆ†) + ~xcgb0(bˆpbˆ
† + bˆ†pbˆ)
+ ~Gb(bˆp + bˆ
†
p)(cˆ+ cˆ
†). (2)
The first term is the usual linearized optomechanical cou-
pling between the signal mode bˆ and phonon mode cˆ with
strength Gb = βpgb0. We assume that the pump field is
phase locked so that Gb is real and positive. Its fluctua-
tions feed into the system as noise through the second and
the third terms of V3m,eff which arise from the scattering
and the optomechanical coupling of the pumped mode,
respectively. The second term, proportional to the steady
position quadrature of the phonon field, xc = C+C∗, can
be safely neglected under the condition |xc| ≪ |βp| which
is easily realized [33] in the mirror-in-the-middle geome-
try of Fig. 1. Finally, the third term results in contribu-
tions to the system dynamics at a frequency that differs
from the first term by ±(ωb − ωbp). This difference is of
the order of the free spectral range of the cavity (for lon-
gitudinal modes) so that it can easily be filtered out in a
manner familiar from heterodyne detection. For the nar-
row band detection scheme considered here it is therefore
sufficient to keep only the first term in the Hamiltonian
(2).
Following a similar argument for the optical fields, the
effective Hamiltonian for the full system becomes
H = ~ωmcˆ
†cˆ− ~∆aaˆ†aˆ− ~∆bbˆ†bˆ
+ ~Ga(aˆ+ aˆ
†)(cˆ+ cˆ†) + ~Gb(bˆ + bˆ
†)(cˆ+ cˆ†), (3)
where aˆ, bˆ, and cˆ are the (displaced) annihilation oper-
ators for the optical, microwave, and mechanical modes
with corresponding frequencies ωa, ωb, and ωm. The op-
tical and microwave cavity-pump detunings are ∆a =
ωap−ωa+xcga0 and ∆b = ωbp−ωb+xcgb0, respectively,
with ωap and ωbp the frequencies of the optical and mi-
crowave pumps. Ga and Gb are the effective optomechan-
ical coupling strength set by the steady amplitude of the
pumped ancillary optical and microwave cavity modes.
Note that Ga,b are of opposite signs and the equilibrium
position of the mechanical resonator is set by the relative
strength of the two pumps, so that the microwave drive
needs to have a significantly stronger light flux than the
optical pump.
In the resonant situation ∆a = ∆b = −ωm, an ef-
fective interaction follows from performing the rotating
wave approximation, which gives HI = ~Ga(aˆcˆ
†+ cˆaˆ†)+
~Gb(bˆcˆ
†+cˆbˆ†). If Ga andGb are appropriately modulated
in time the system then adiabatically follows a superpo-
sition of cavity modes aˆ and bˆ without any population of
the mechanical mode cˆ (dark mode) [19, 20]. In contrast,
for the off-resonant case considered here, ∆a,b 6= ωm, the
microwave and optical fields are coupled by a three-level
Raman-like interaction via the mechanical mode.
Normal mode picture.—To discuss the microwave-to-
optical conversion process in this effective three-mode
configuration, it is convenient to switch to a normal mode
(polariton) representation of the system [39]. After re-
moving a constant term, the Hamiltonian (3) can be re-
cast in the diagonal form H = ~ωAAˆ
†Aˆ + ~ωBBˆ
†Bˆ +
~ωCCˆ
†Cˆ, where Aˆ, Bˆ, and Cˆ are the boson annihila-
tion operators for the normal mode excitations. In gen-
eral, these are superpositions of the optical, microwave,
and mechanical modes. Figure 2 shows their frequencies
ωA,B,C as functions of the optical detuning ∆a. At the
mechanical resonance, ∆a = −ωm, the degeneracy be-
tween the optical photon and the phonon is lifted by the
optomechanical interaction, with an energy splitting of
the order of 2Ga. A second avoided crossing occurs at
the resonance between optical and microwave photons,
∆a = ∆b, with a splitting of the order of 4GaGb/ωm
resulting from the indirect coupling between the electro-
magnetic modes via the mechanical mode.
We focus on the region close to the microwave-optical
resonance framed in Fig. 2. On the left-hand side,
∆a < ∆b and |∆a − ∆b| ≫ 4|GaGb|/ωm the polariton
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Figure 2: Eigenfrequencies of the normal modes (polari-
tons) as functions of optical detuning ∆a/ωm for the case
−Ga/ωm = Gb/ωm = 0.1 and ∆b/ωm = −0.4. Dashed lines:
noninteracting energies of the bare modes. We have framed
the part of the spectrum spanned by∆a during the conversion
process.
Bˆ describes a microwavelike excitation, with ωB ∼ −∆b
and Bˆ ∼ bˆ, while for ∆a > ∆b, the polariton becomes
optical-like Bˆ ∼ aˆ and annihilates an excitation of fre-
quency ωB ∼ −∆a. The opposite holds for the polariton
A, which is opticallike for ∆a < ∆b and microwavelike
on the other side of the resonance. The polariton C re-
mains phonon-like in this whole region, indicating that
the dynamics of the mechanical excitation is decoupled
from that of the electromagnetic fields.
Conversion process.—When ∆a is slowly switched
from the left-hand to the right-hand side of the reso-
nance, the polariton B adiabatically evolves from the mi-
crowavelike excitation to the optical-like excitation while
conserving its population, 〈Bˆ†(t)Bˆ(t)〉 ≈ 〈bˆ†(t0)bˆ(t0)〉,
where 〈bˆ†(t0)bˆ(t0)〉 accounts for both the input signal
field to be measured and the microwave cavity noise.
Likewise the polariton A, which is initially optical-like,
evolves into a microwavelike excitation while maintaining
its population 〈Aˆ†(t)Aˆ(t)〉 ≈ 〈aˆ†(t0)aˆ(t0)〉 = 0, where the
last equality holds if the optical mode is initially in a vac-
uum, a condition easy to satisfy.
The adiabaticity of the transfer requires that ∆a be
switched at a rate much slower than the interband sep-
aration, 1/τ ≪ 4|GaGb|/ωm, where τ is the switching
time. In addition it is also necessary that this operation
occurs in a time short compared to the inverse decay
rates of the polariton modes, which are combinations of
the cavity decay rates κa,b and the mechanical damping
rate γ. (This condition also ensures that α and β remain
constant during the switch of ∆a. )
We describe the detection protocol as a time-gated
three-step process. First, during a “receiving” time win-
dow τr that lasts until t0, the optical detuning is fixed
at ∆a < ∆b, with |∆a − ∆b| ≫ 4|GaGb|/ωm and the
microwave cavity captures a narrow band signal that is
stored in the mode b. During that time the optical mode
a is in a vacuum and the microwave-optical field interac-
tion is negligible due to their large mismatch in frequency.
This is followed by a “transfer” time interval τ starting
at t0 during which ∆a is switched to ∆b at a rate
1/κa,b ≫ τ ≫ ωm/4|GaGb|, (4)
resulting in the signal being transferred into an opti-
cal field without any significant coupling to the exter-
nal reservoirs. Finally, during the detecting time window
τd > t0 + τ the interaction is quenched and the cavities
couple with their environment, thus releasing the optical
output field that can be measured by standard methods.
Input-output dynamics.—The analysis of the conver-
sion of the microwave signal to the optical field can be
performed in terms of Heisenberg-Langevin equations of
motion ∂tuˆ = −i[uˆ, Hˆ ]/~− κuuˆ +
√
2κuuˆin, where uˆ are
the annihilation operators for the bare modes {aˆ, bˆ, cˆ}, κu
are their dissipation rates (with κc ≡ γ), and uˆin account
for the associated noise operators and input fields. In the
absence of input fields the nonvanishing noise correlations
are 〈uˆin(t)uˆ†in(t′)〉 = (n¯u+1)δ(t−t′) and 〈uˆ†in(t)uˆin(t′)〉 =
n¯uδ(t− t′), where n¯u = 1/[exp(~ωu/kBTu)− 1], Tu being
the temperature of the thermal reservoir of mode u. For
the optical field n¯a ≈ 0 in practice.
In the far off-resonant case ωm ≫ |∆a,b|, |Ga,b|, κa,b, γ
we adiabatically eliminate the phonon mode cˆ by insert-
ing its formal solution cˆ ≈ [−Ga(aˆ+ aˆ†)−Gb(bˆ+ bˆ†)]/ωm
into the equations for the modes a and b while retaining
the mechanical noise term and neglecting the memory ef-
fect. The interaction between the microwave and optical
modes is then described by the equation
∂taˆ = (i∆
′
a−κa)aˆ+i
2G2a
ωm
aˆ†+iG′(bˆ+ bˆ†)+
√
2κaaˆ
′
in, (5)
where G′ = 2GaGb/ωm, and similarly for mode b with
a↔ b [33].
In the far off-resonant case, we must keep the antiro-
tating terms in the optomechanical interaction when adi-
abatically eliminating the mechanics. This results in a
squeezing contribution to the dynamics of a and b with
the original detuning becoming ∆′a,b = ∆a,b + 2G
2
a,b/ωm
and
aˆ′in = aˆin−iGa
√
γ
κa
[∫ t
0
e(−iωm−γ)(t−t
′)cˆin(t
′)dt′ +H.c.
]
,
(6)
and similarly for b′in with a → b. When we focus on the
signal fields of narrow linewidth around cavity modes, the
noise autocorrelation functions approximately become
〈aˆ′in(t)aˆ′†in(t′)〉 = (n¯a+ma+1)δ(t−t′) and 〈aˆ′in(t)aˆ′in(t′)〉 =
−maδ(t − t′), with ma = (G2aγ/ω2mκa)(2n¯c + 1), with
also the appearance of cross-correlations characteristic of
4a squeezed two-mode reservoir, 〈aˆ′in(t)bˆ′†in(t′)〉 = mabδ(t−
t′) and 〈aˆ′in(t)bˆ′in(t′)〉 = −mabδ(t − t′) where mab =
(GaGbγ/ω
2
m
√
κaκb)(2n¯c + 1) [33]. The output fields are
similarly modified, with the indices “in” replaced by “out”
and cˆout = −cˆin in this far off-resonant case. Note that
the weak coupling assumption |Ga,b|/ωm ≪ 1, which al-
lows the adiabatic elimination of the mechanical mode,
also implies small values for the squeezing parameters
ma, mb, and mab.
The polariton operators Aˆ, Bˆ and their corresponding
noise operators Aˆin, Bˆin are readily obtained via a Bo-
goliubov transformation of the bare modes in the absence
of dissipation. Assuming for simplicity κa = κb = κ, one
then readily finds [40]
∂tAˆ = (iωA − κ)Aˆ+
√
2κAˆin, (7)
and similarly for mode B, with A→ B.
Determining the conversion between the microwave
signal and the optical field requires in general to solve the
full Heisenberg-Langevin equations with time-dependent
coefficients. But if one assumes perfect adiabaticity, one
can use instead a much simplified effective two-sided cav-
ity model. To single out the effect of the varying frequen-
cies ωA,B(t), we focus on the slowly varying envelopes
A˜ = Aˆe−iωAt and B˜ = Bˆe−iωBt. We also introduce a
new operator for the symmetric superposition of the cav-
ity modes, Vˆ = (A˜+ B˜)/
√
2. From Eq. (7) we then have
∂tVˆ = −κVˆ +
√
κA˜in +
√
κB˜in, (8)
reminiscent of the situation of a two-sided cavity [41] but
with input field operators depending on ∆a. Specifically
in the first stage of the detection sequence, t < t0, we
have A˜in ≈ aˆ′inei∆
′
a
t and B˜in ≈ bˆ′inei∆
′
b
t, while in the
third step, t > t0+ τ , A˜in and B˜in are simply exchanged.
In the intermediate second step, the adiabatic, essentially
dissipation-free, evolution results in small phase shifts for
the envelope operators, proportional to ∂tωA and ∂tωB
for A˜ and B˜, respectively. In the case of perfect adi-
abaticity, we may neglect these shifts and thus obtain
Vˆ (t0) = Vˆ (t0 + τ) [33].
Summarizing, the full evolution of Vˆ for the three-
step detection sequence is approximately described by
the equation
∂tVˆ = −κVˆ +
√
κaˆ′ine
i∆′
a
t +
√
κbˆ′ine
i∆′
b
t. (9)
With the boundary conditions of the two-sided cavity,
aˆ′oute
i∆′
a
t + aˆ′ine
i∆′
a
t =
√
κVˆ and bˆ′oute
i∆′
b
t + bˆ′ine
i∆′
b
t =√
κVˆ [41], this equation can be solved in the frequency
domain to give
aˆ′out(ω −∆′a) =
κbˆ′in(ω −∆′b)− iωaˆ′in(ω −∆′a)
κ+ iω
. (10)
Perfect conversion, aˆ′out(−∆′a) = bˆ′in(−∆′b), occurs for
ω = 0. Remembering that the optical and the microwave
operators are expressed in rotating frames with respect
to the pumping frequencies ωap and ωbp, this corresponds
to the case where the frequency of the input microwave
fields is ωs = ωb − xcgb0 − 2G2b/ωm and the frequency of
the output optical field is ωo = ωa − xcga0 − 2G2a/ωm.
We introduce the mean photon numbers of the optical
and microwave modes
n¯o =
∫
dω|g(ω)|2〈aˆ†out(ω −∆′a)aˆout(ω −∆′a)〉
n¯s =
∫
dω|g(ω)|2〈bˆ†in(ω −∆′b)bˆin(ω −∆′b)〉, (11)
where the mode filter functions g(ω) are sharply peaked
around ω = 0. By assuming detection and reception time
windows (τd, τr)≫ 1/κ [42, 43], we find
n¯o = n¯s +
(G2b +G
2
a)γ
ω2mκ
(2n¯c + 1), (12)
where we have taken into account the modified noise cor-
relation of the optical and microwave cavities, and the
effects of the mechanical noise are merged into the sec-
ond term on the right-hand side. This is the central result
of this Letter.
Sensitivity.—Ignoring technical noise and assuming
that the final optical detector is well characterized and
has near unit quantum efficiency, we concentrate on the
intrinsic sensitivity of the three-step conversion sequence.
It is characterized primarily by the microwave-to-optical
conversion efficiency, the effects of quantum and thermal
noise, and the dead time required to reset the resonators
between measurements. Perfect adiabatic conversion re-
quires interaction times κ ≪ 1/τ ≪ 4|GaGb|/ωm ≪ ωm,
and the dead time to reset the resonators is of the order
of 1/κ. Quantum and thermal noise result in a dark-
count rate that also impacts the figure of merit of the
detector; see Eq. (12). A high-Q and ultracold mechan-
ical oscillator can significantly suppress these sources of
noise.
As an example we consider an optomechanical res-
onator with high mechanical frequency ωm = 2pi× 4GHz
and quality factor Q = 87 × 103, which results in γ =
2pi × 46 kHz and n¯c = 72 for a temperature T = 14K
[44]. Because of the large detunings considered here, we
find, however, that the mechanical noise only adds a con-
tribution of 0.06 to n¯o. The level of thermal microwave
noise that feeds into n¯s can be managed by cooling the
microwave cavity to cryogenic temperatures. For a mi-
crowave cavity frequency ωb = 2pi × 300 GHz and tem-
perature Tb = 300 K, we have n¯s = 20, but for Tb = 3 K,
n¯s is reduced to 0.008. Finally, we assume linear optome-
chanical coupling strengths Ga = −2pi × 200 MHz and
Gb = 2pi×300MHz, respectively, giving an effective inter-
action strength 2GaGb/ωm = −2pi×30MHz. We also set
the same decay rate for both cavities, κ = 2pi× 850 kHz.
These parameters fulfill the condition for adiabaticity of
5the conversion and result in a dead time of the order of
100 ns. These estimates indicate that the detector should
be able to operate reliably at or below the single-photon
level.
Conclusion.—We have proposed and analyzed a time-
gated microwave detection scheme based on the con-
trol of polaritons in a hybrid optomechanical system.
In contrast to resonant schemes that focus on high fi-
delity quantum state transfer [19–22], the dual optome-
chanical cavity detector is driven by a heterodynelike
pumping and operates on the far-off sideband resonant
regime to minimize pump and mechanical noise, thereby
offering the potential to reliably detect very feeble mi-
crowave fields. Importantly, that nonresonant approach
does not preserve the quantum state of the microwave
field. Rather, it detects the signal entering the microwave
resonator in a time determined by its decay time 1/κb just
before transfer to the optical domain.
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I. INTERMODE SCATTERING
This section discusses intermode scattering in the op-
tical and microwave resonators and justifies its neglect
under the conditions considered in the main text.
We consider a system comprised of a two-mode optical
cavity with bosonic annihilation operators aˆ and aˆp and a
two-mode microwave cavity with annihilation operators bˆ
and bˆp, optomechanically coupled by a common radiation
pressure driven end-mirror. The center-of-mass motion
of that mirror is quantized and characterized by the an-
nihilation operator cˆ. The interaction between the three
subsystems is described by the optomechanical Hamilto-
nian
V = ~ga0(aˆ+ aˆp)
†(aˆ+ aˆp)(cˆ+ cˆ
†)
+ ~gb0(bˆ+ bˆp)
†(bˆ+ bˆp)(cˆ+ cˆ
†), (S1)
where ga0 and gb0 are the optical and microwave single-
photon optomechanical coupling strengths, respectively.
We assume that ga0 and gb0 are real but with opposite
signs. The cavity modes aˆp and bˆp are resonantly driven
by two classical fields at frequencies ωa,p and ωb,p, re-
spectively, so that in the frame rotating at the pumping
frequencies, the Heisenberg-Langevin equations of mo-
tion have the form
∂taˆ = (i∆a − κa)aˆ− iga0(aˆ+ aˆp)(cˆ+ cˆ†) +
√
2κaaˆin, (S2)
∂tbˆ = (i∆b − κb)bˆ − igb0(bˆ + bˆp)(cˆ+ cˆ†) +
√
2κbbˆin, (S3)
∂tcˆ = (−iωm − γ)cˆ− iga0(aˆ+ aˆp)†(aˆ+ aˆp)− igb0(bˆ+ bˆp)†(bˆ+ bˆp) +
√
2γcˆin, (S4)
∂taˆp = −κaaˆp − iga0(aˆ+ aˆp)(cˆ+ cˆ†) + ηa +
√
2κaaˆp,in, (S5)
∂tbˆp = −κbbˆp − igb0(bˆ+ bˆp)(cˆ+ cˆ†) + ηb +
√
2κbbˆp,in. (S6)
Here ∆a = ωa,p − ωa and ∆b = ωb,p − ωb are the optical
and the microwave cavity-pumping detunings, ηa and ηb
represent the strength of the pump fields, and the dis-
sipation effects are described by the decay rates κa, κb
and γ, with corresponding noise operators labeled by the
subscript “in”.
For strong pumping one can linearize the dynamics
around the classical steady state with the substitutions
aˆ → α + aˆ, aˆp → αp + aˆp, bˆ → β + bˆ, bˆp → βp + bˆp,
cˆ→ C + cˆ, with steady values given to leading order by
βp ≈ ηb
κb + igb0xc
, (S7)
β ≈ gb0βpxc
∆b
, (S8)
αp ≈ ηa
κa + iga0xc
, (S9)
α ≈ ga0αpxc
∆a
, (S10)
xc = C + C∗ ≈ −gb0|βp|
2 + ga0|αp|2
ωm
, (S11)
and we have assumed
ωm, |∆a|, |∆b| ≫ κa, κb, γ. (S12)
Due to the large detuning from the pump, the steady
amplitudes α and β of the cavity modes aˆ and bˆ can
be ignored when compared to the amplitudes αp and βp
of the driven cavity modes aˆp and bˆp. To lowest order
in the quantum fluctuations about the classical steady
state, Eqs. (S2)-(S6) reduce then to
∂taˆ = (i∆a − iga0xc − κa)aˆ− iGa(cˆ+ cˆ†)− iga0xcaˆp − iga0(cˆ+ cˆ†)aˆp +
√
2κaaˆin, (S13)
2∂tbˆ = (i∆b − igb0xc − κb)bˆ− iGb(cˆ+ cˆ†)− igb0xcbˆp − igb0(cˆ+ cˆ†)bˆp +
√
2κbbˆin, (S14)
∂tcˆ = (−iωm − γ)cˆ− i[Ga(aˆ+ aˆp) + h.c.]− i[Gb(bˆ+ bˆp) + h.c.] +
√
2γcˆin, (S15)
∂taˆp = (−iga0xc − κa)aˆp − iGa(cˆ+ cˆ†)− iga0xcaˆ− iga0(cˆ+ cˆ†)aˆ+
√
2κaaˆp,in, (S16)
∂tbˆp = (−igb0xc − κb)bˆp − iGb(cˆ+ cˆ†)− igb0xcbˆ− igb0(cˆ+ cˆ†)bˆ+
√
2κbbˆp,in. (S17)
The second terms on the right-hand side of Eqs. (S13)
and (S14) describe the usual linearly enhanced optome-
chanical coupling, with Gb = βpgb0 and Ga = αpga0,
taken to be real in the following. They correspond to the
first term of the Hamiltonian V3m,eff in the main text.
The third and fourth terms, proportional to aˆp and bˆp,
account for the scattering of the classically driven cavity
modes into the modes aˆ and bˆ. First, we note that it is
possible to adjust the pumping fields in such a way that
the mean radiation pressure forces from the optical and
microwave fields cancel out, i.e., xc ∼ 0, see Eq. (S11)
[S6]. It follows that the scattering of the quantum fluc-
tuations of the classically driven modes can safely be ne-
glected.
The contribution of the second scattering term, pro-
portional to (cˆ+ cˆ†), is estimated by
S ∝
∫ t
0
dt′e(i∆b−κb)(t−t
′)[cˆ(t′) + cˆ†(t′)]bˆp(t
′). (S18)
From Eqs. (S12) and (S17), and in the usual situation
where the single-photon optomechanical couplings are
very weak, and noting that cˆ is fast-oscillating at the
frequency ωm, we have that bˆp is slowly-varying and can
be safely moved out of the integral. Isolating the fast
varying contribution to cˆ with cˆ = c˜e−iωmt and moving
its slowly-varying envelope c˜ outside of the integral gives
then
S = −igb0bˆp
[(
e−iωmt − e(i∆b−κa)t
−iωm − i∆b + κb
)
c˜+
(
eiωmt − e(i∆b−κa)t
iωm − i∆b + κb
)
c˜†
]
, (S19)
This shows that as expected intermode scattering is max-
imized in the resonant case ∆b = ±ωm. But in the off-
resonant case |∆b| < ωm , neglecting the fast-oscillating
term e−iωmt we have
S ≈ gb0
ωm
bˆp(c˜
† − c˜)e(i∆b−κb)t (S20)
and the contribution of the scattering from the ancillary
mode to the average population of the mode bˆ is approx-
imatively
〈bˆ†bˆ〉 ∼ g
2
b0
ω2m
n¯bp(2n¯c + 1). (S21)
In this last step we have neglected possible correlations
between the pumped mode and the phonon mode and
introduced the thermal mean populations n¯bp of the an-
cillary cavity mode and n¯c of the mechanics. We com-
pare these expressions to the noise deriving from the ra-
diation pressure off-resonant coupling, see Eq.(6) in the
main text and the discussion of the next section,
〈bˆ†bˆ〉 ∼ g
2
b0|βp|2
ω2m
γ
κ
(2n¯c + 1). (S22)
It is apparent that for |βp|2 ≫ n¯bp, the situation consid-
ered here, scattering noise represent a small correction
only. Similar results can also be derived for the optical
side of the double resonator system.
Finally, comparing Eqs. (S13)-(S17) we have that for
|ga0xc|, |gb0xc| ≪ |∆a|, |∆b|, ωm the characteristic fre-
quencies of the classically driven modes aˆp and bˆp are far
from those of the modes aˆ, bˆ, and cˆ . In that limit these
modes are effectively decoupled from the other three
modes. These arguments justify ignoring the second and
the last term of the full Hamiltonian V3m,eff in the main
text. Neglecting the fluctuation of the pumped modes re-
sults in the linearized effective three-mode Hamiltonian
H = ~ωmcˆ
†cˆ− ~∆aaˆ†aˆ− ~∆bbˆ†bˆ
+ ~Ga(aˆ+ aˆ
†)(cˆ+ cˆ†)
+ ~Gb(bˆ+ bˆ
†)(cˆ+ cˆ†) +Hκ, (S23)
where
∆a = ωa,p − ωa + xxga0,
∆b = ωb,p − ωb + xcgb0,
and the Hamiltonian Hκ accounts for the effects of dissi-
pation.
3II. ADIABATIC ELIMINATION OF THE
PHONON MODE
This section presents details of the adiabatic elimina-
tion of the phonon mode.
The effective three-mode Hamiltonian (S23) yields the
Heisenberg-Langevin equations
∂taˆ = (i∆a − κa)aˆ− iGa(cˆ+ cˆ†) +
√
2κaaˆin, (S24)
∂tbˆ = (i∆b − κb)bˆ− iGb(cˆ+ cˆ†) +
√
2κbbˆin, (S25)
∂tcˆ = (−iωm − γ)cˆ− iGa(aˆ+ aˆ†)− iGb(bˆ+ bˆ†) +
√
2γcˆin, (S26)
where the input fields, aˆin, bˆin, and cˆin are assumed to be
well approximate as white noise sources with zero mean,
〈aˆ†in(t)aˆin(t′)〉 = n¯aδ(t− t′), (S27)
〈bˆ†in(t)bˆin(t′)〉 = n¯bδ(t− t′), (S28)
〈cˆ†in(t)cˆin(t′)〉 = n¯cδ(t− t′). (S29)
If the phonon frequency ωm is significantly larger than
any other frequency scale we can adiabatically eliminate
the dynamics of the mechanical mode, thereby reduc-
ing the description of the system to a two-mode model.
Specifically, from Eq. (S26) we have
cˆ(t) = cˆ(0)e(−iωm−γ)t − i
∫ t
0
e(−iωm−γ)(t−t
′)[GaXˆa(t
′) +GbXˆb(t
′)]dt′
+
√
2γ
∫ t
0
e(−iωm−γ)(t−t
′)cˆin(t
′)dt′, (S30)
where Xˆa ≡ aˆ+ aˆ† and Xˆb ≡ bˆ+ bˆ†. Substituting that expression into Eq. (S24) gives
∂taˆ = (i∆a − κa)aˆ−
∫ t
0
e(−iωm−γ)(t−t
′)[G2aXˆa(t
′) +GaGbXˆb(t
′)]dt′ (S31)
+
∫ t
0
e(iωm−γ)(t−t
′)[G2aXˆa(t
′) +GaGbXˆb(t
′)]dt′ − iGa[cˆ(0)e(−iωm−γ)t + h.c.] +
√
2κaaˆ
′
in,
where the noise
aˆ′in = aˆin − iGa
√
γ
κa
[∫ t
0
e(−iωm−γ)(t−t
′)cˆin(t
′)dt′ + h.c.
]
(S32)
is characterized in general by a colored spectrum [S1, S2].
We assume that the quadratures Xˆa,b are slowly vary-
ing and move them out of the integral. The second term
of Eq. (S31) becomes
1
ωm
(
−i+ γ
ωm
)
(G2aXˆa +GaGbXˆb), (S33)
where we have neglected fast-oscillating terms propor-
tional to e−iωmt and expanded the result to the first or-
der with respect to the small quantity γ/ωm. Similarly,
the third term may be approximated as
1
ωm
(
−i− γ
ωm
)
(G2aXˆa +GaGbXˆb). (S34)
The modifications of the linewidth of the optical mode
κa due to Eqs. (S33) and (S34) cancel each other out.
The fourth term, involving cˆ(0) and cˆ†(0), is a memory
effect that describes the dependence of the cavity field
operator at time t on the initial phonon operators,
aˆ(t) ∼ Ga[e
(−iωm−γ)t − e(−i∆a−κa)t]
ωm −∆a − iγ + iκa cˆ(0)− h.c. (S35)
4so that the mean optical intensity 〈aˆ†(t)aˆ(t)〉 contains a
contribution from the initial inter-mode scattering. Since
it includes a term that anti-normally ordered correlation
function 〈cˆ(0)cˆ†(0)〉 that contribution persists even if the
fast-oscillating contributions proportional to e±iωmt are
ignored and the mechanical oscillator is initially in its
ground state. However for long enough times it does
become negligible due to the exponential decay factors
e−2κat and e−2γt. It can therefore be ignored provided
that the “receiving time” window is much longer than both
the cavity decay time 1/κa and the mechanical damping
time 1/γ.
We now turn to the contribution of the phonon noise
term in Eq. (S32). The precise form of its contribution
to the normal order noise correlation 〈aˆ′†in(t1)aˆ′in(t2)〉 is
given by a double integral
m(t1, t2) =
G2aγ
κa
∫ t1
0
dt
∫ t2
0
dt′eiωm(t1−t2+t
′−t)e−γ(t1+t2−t−t
′)〈cˆ†in(t)cˆin(t′)〉+ h.c. (S36)
With the correlation function (S29) and for t2 > t1 this gives
m(t1, t2) ≈ m(τ) = G
2
an¯c
2κa
e(−iωm−γ)τ +
G2a(n¯c + 1)
2κa
e(iωm−γ)τ , (S37)
where τ ≡ t2 − t1 and we have discarded terms propor-
tional to e−γ(t1+t2) for times to {t1, t2} ≫ 1/γ , so that
m is a function of τ only. This approximate form is con-
sistent with the neglect of memory effects just discussed.
For the case t2 < t1 we will obtain a similar expression
with γ replaced by −γ [S2].
The correlationm(τ) vanishes rapidly over the charac-
teristic time scale of the cavity mode dynamics (1/∆a)
due to the the fast oscillating factors e±iωmτ for ωm ≫
∆a, except for τ = 0 [S4]. The phonon noise term in
Eq. (S32) can then be approximated by a δ-correlated
noise operator with m(τ) ≈ maδ(τ) as far as the cavity
mode dynamics is concerned, with ma given by the in-
tegral of m(τ) over the full temporal domain except for
the pole at τ = 0,
ma =
∫ 0−
−∞
m(τ)dτ +
∫ +∞
0+
m(τ)dτ
≈ G
2
aγ
κaω2m
(2n¯c + 1). (S38)
We can invoke the same approximation for other noise
correlations, as for example 〈aˆ′in(t)aˆ′in(t′)〉. This is
equivalent to performing an adiabatic approximation on
Eq. (S32), which results in
aˆ′in ≈ aˆin +
Ga
ωm
√
γ
κa
(cˆin − cˆ†in) (S39)
with the squeezed reservoir correlation functions
〈aˆ′†in(t)aˆ′in(t′)〉 = (n¯a +ma)δ(t− t′), (S40)
〈aˆ′in(t)aˆ′in(t′)〉 = −maδ(t− t′). (S41)
We emphasize that these approximations rely on the
frequency difference between the cavity mode and the
phonon mode (ωm ≫ ∆a) being large, and also that the
main contribution of the phonon noise correlation to the
cavity mode is at frequencies close to ∆a, as is confirmed
by the noise analysis of the next section.
Following similar steps for the microwave mode bˆ we
finally obtain the two-mode Heisenberg-Langevin equa-
tions
∂taˆ = (i∆a − κa)aˆ+ i2G
2
a
ωm
(aˆ+ aˆ†) + i
2GaGb
ωm
(bˆ+ bˆ†) +
√
2κaaˆ
′
in, (S42)
∂tbˆ = (i∆b − κb)bˆ + i2G
2
b
ωm
(bˆ + bˆ†) + i
2GaGb
ωm
(aˆ+ aˆ†) +
√
2κbbˆ
′
in. (S43)
with the reservoir correlation functions
〈bˆ′†in(t)bˆ′in(t′)〉 = (n¯b +mb)δ(t− t′), (S44)
〈bˆ′in(t)bˆ′in(t′)〉 = −mbδ(t− t′), (S45)
5and the cross correlation functions
〈aˆ′†in(t)bˆ′in(t′)〉 = mabδ(t− t′), (S46)
〈aˆ′in(t)bˆ′in(t′)〉 = −mabδ(t− t′). (S47)
Here mb = (G
2
bγ/κaω
2
m)(2n¯c + 1) and mab =
(GaGbγ/
√
κaκbω
2
m)(2n¯c + 1).
III. NOISE ANALYSIS IN THE FREQUENCY
DOMAIN
This section presents a frequency domain noise analysis
of the detector during the “receiving” time window. This
permits to perform a comparison between the full five-
mode model and the effective two-mode model aimed at
confirming the validity of the adiabatic approximation
used in the main text.
From Section I of the Supplemental Material the five-
mode coupled equations are linear and can therefore be
solved in frequency domain. We proceed by expressing
Eqs. (S13)-(S17) in matrix form as
O˙(t) =MO(t) +Oin(t), (S48)
where
O(t) =
(
oˆ(t)
oˆ†(t)
)
, oˆ(t) =


aˆ(t)
bˆ(t)
cˆ(t)
aˆp(t)
bˆp(t)

 , (S49)
and where Oin(t) accounts for the contribution of the
noise operators, with correlation functions
〈oˆ†in(t)oˆin(t′)〉 = n¯oδ(t− t′). (S50)
Introducing the compact notation
O(ω) = 1√
T
∫ T/2
−T/2
eiωtO(t)dt =
(
oˆ(ω)
oˆ†(−ω)
)
, (S51)
where T the measurement time, we can make the substi-
tution O(t) → O(ω) and O˙(t) → −iωO(ω) in Eq(S48),
resulting in a matrix equation that can be solved by sim-
ple linear algebra. Its solution can be written in the form
O(ω) = X (ω)Oin(ω), (S52)
where X (ω) is the matrix of response functions and
Oin(ω) includes all frequency domain noise operators,
with correlation functions obtained from Eq. (S50) as
〈oˆ†in(ω)oˆin(ω′)〉 = n¯oδ(ω + ω′). (S53)
The power spectral density for mode oˆ is [S5]
Soo(ω) =
∫ ∞
−∞
〈oˆ†(ω)oˆ(−ω′)〉dω′, (S54)
and its mean excitation number is
no =
∫ ∞
−∞
Soo(ω)dω. (S55)
Taking the optical mode aˆ as an example, its spectal
density Saa(ω), as well as the mean photon number na,
depend on the response function X (ω) and the frequency
noise correlations of all five modes. Following similar
steps we can also obtain Saa(ω) for the effective two-mode
model of Eqs. (S42) and (S43) with the modified noise
correlation functions of Eqs. (S40), (S41), and (S44)-
(S47).
Figure S1 compares the power spectral density Saa(ω)
obtained from the 5-mode and the 2-mode models in two
cases for a red-detuned laser impinging on the cavity
(∆a < 0). In case (a), ωm ≫ |∆a,b|, Saa(ω) is char-
acterized by a main peak at the positive frequency −∆a,
a very weak peak at ∆a, as well as additional peaks at
ω = ±∆b, ω = ±ωm, and ω = 0 representing contri-
butions from the microwave mode, phonon mode, and
the pumping mode, respectively. In contrast the approx-
imate two-mode adiabatic result (red solid curve) has
only the main peak and the peak from the microwave
mode, but the key point is that they are in perfect agree-
ment with the corresponding part of five-mode spectrum.
That means that when considering signals at frequencies
close to −∆a,b the effective adiabatic two-mode model
is a good approximation. In contrast, case (b) where
ωm ∼ |∆a,b|, illustrates a situation where the conditions
required to perform the adiabatic approximation are not
satisfied. In that case the power spectral density from
the two-mode model is quite different from its five-mode
counterpart, even for frequencies close to −∆a.
IV. EFFECTIVE TWO-SIDED CAVITY MODEL
This section provides more details about the analogy
between the theoretical description of the proposed de-
tector and the two-side cavity model of quantum optics.
From the main text, the Heisenberg-Langevin equa-
tions for the normal modes Aˆ and Bˆ read
∂tAˆ = (iωA − κ)Aˆ+
√
2κAˆin, (S56)
∂tBˆ = (iωB − κ)Bˆ +
√
2κBˆin. (S57)
We can combine them into the equation for a symmetric
superposition of the two slowly varying envelops
Vˆ =
Aˆe−iωAt + Bˆe−iωBt√
2
, (S58)
with two input fields A˜in = Aˆine
−iωAt and B˜in =
Bˆine
−iωBt,
∂tVˆ = −κVˆ +
√
κA˜in +
√
κB˜in. (S59)
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Figure S1: (Color online) (a) Power spectral density of the optical mode aˆ obtained from the original five-mode model (blue
dashed curve) and from the effective two-mode model under the adiabatic approximation (red solid curve) with parameters
∆a = −0.5, ∆b = −0.4, Ga = −Gb = 0.08, κa = κb = γ = 0.01, n¯a = n¯ap = 0, n¯b = n¯bp = 0.04, and n¯c = 0.1 ; (b) Same
parameters as in (a), but with ∆a = −0.9, ∆b = −0.8. All quantities are normalized to the phonon frequency ωm.
This equation is formally identical to the description of
a two-sided cavity with symmetric decays rate κ/2 on
both cavity sides [S3]. It is easily solved in the fre-
quency domain, but the simple solution must be adapted
to the present situation since the form of the normal-
mode input-field operators and their frequencies are now
time dependent.
During the first stage of the detection sequence, t < t0,
the normal mode A is optical-like. We have Aˆin = aˆ
′
in and
ωA = −∆′a with aˆ′in and ∆′a the modified optical input
operator and detuning given in Eq. (6) in the main text.
Furthermore,
A˜in = a˜
′
ine
−iωot, (S60)
where a˜′in is the optical input operator in the laboratory
frame and
ωo = ωa − xcga0 − 2G
2
a
ωm
. (S61)
Similarly the normal mode B is microwave-like,
B˜in = b˜
′
ine
−iωst, (S62)
with
ωs = ωb − xcgb0 − 2G
2
b
ωm
. (S63)
During the third stage of the detection sequence, t >
t0+τ , the normal modes A and B switch their properties
so that A˜in and B˜in will exchange their expressions in
Eqs. (S60) and (S62), but the form of Eq. (S59) remains
unchanged due to the symmetry.
Finally, During the transduction stage, t0 < t < t0+τ ,
where we assume an adiabatic process without dissipa-
tion losses, the envelope field operators A˜ and B˜ only
pick up phase factors due to the evolution,
exp
[
−i
∫ t0+τ
t0
∂ωA(B)
∂t
t dt
]
. (S64)
Since the period τ of this adiabatic transfer stage is much
shorter than that of the other two stages and ωA(B)
changes slowly with time, we neglect the phase shift in-
duced by this factor and assume Vˆ (t0) = Vˆ (t0 + τ). We
can thus reexpress Eq. (S59) as
∂tVˆ = −κVˆ +
√
κa˜′ine
−iωot +
√
κb˜′ine
−iωst, (S65)
which is now valid for the entire measurement sequence.
By using the standard input-output relations for a two-
sided cavity [S3],
a˜′oute
−iωot =
√
κVˆ − a˜′ine−iωot, (S66)
b˜′oute
−iωst =
√
κVˆ − b˜′ine−iωst, (S67)
we can solve the dynamics in the frequency domain. By
applying the Fourier transform to Eqs. (S65) and (S66),
we obtain
iωVˆ (ω) = −κVˆ (ω) +√κa˜′in(ω + ωo)
+
√
κb˜′in(ω + ωs), (S68)
a˜′out(ω + ωo) =
√
κVˆ (ω)− a˜′in(ω + ωo), (S69)
which results into
a˜′out(ω + ωo) =
κb˜′in(ω + ωs)− iωa˜′in(ω + ωo)
κ+ iω
. (S70)
V. NUMERICAL SIMULATIONS
Section II of the Supplemental Material showed that
for the case of large phonon frequencies ωm, adiabatically
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Figure S2: (Color online) (a) Evolution of the populations of the optical mode aˆ (blue), the microwave mode bˆ (red), and the
phonon mode cˆ (green) starting from thermal states with mean populations n¯a = 0, n¯b = 0.04, and n¯c = 0.1 (labelled by the
tick marks on the right axis), respectively. The other parameters are Ga = −Gb = 0.05, κa = κb = γ = 10
−3, ∆a = −0.5, and
∆b = −0.4. The inset shows a detail of the short-time evolution. (b) Evolutions of the populations of the bare modes and the
normal modes during the transduction process. The optical detuning ∆a is linearly varied from −0.5 to −0.3 with a constant
microwave detuning ∆b = −0.4. Other parameters are as in (a) but with decay rates κa = κb = γ = 10
−5. All quantities are
normalized to the phonon frequency ωm.
eliminating the phonon mode cˆ results in effective cou-
pled Heisenberg-Langevin equations with squeezed noise
for the optical mode aˆ and the microwave mode bˆ, the
two-mode model used in the main text, see also section
IV of the Supplemental Material. To further validate this
approximation we performed a numerical simulation of
the master equation for the complete three-mode Hamil-
tonian
dρ
dt
= − i
~
[H, ρ] + κa(n¯a + 1)L[aˆ]ρ+ κan¯aL[aˆ†]ρ (S71)
+ κb(n¯b + 1)L[bˆ]ρ+ κbn¯bL[bˆ†]ρ+ γ(n¯c + 1)L[cˆ]ρ+ γn¯cL[cˆ†]ρ,
where
H = ~ωmcˆ
†cˆ− ~∆aaˆ†aˆ− ~∆bbˆ†bˆ+ ~Ga(aˆ+ aˆ†)(cˆ+ cˆ†) + ~Gb(bˆ+ bˆ†)(cˆ+ cˆ†), (S72)
L represents the Lindblad superoperator of the form
L[oˆ]ρ = oˆρoˆ† − 1
2
oˆ†oˆρ− 1
2
ρoˆ†oˆ. (S73)
and (κa, n¯a), (κb, n¯b), and (γ, n¯c) are the decay rates and
the mean thermal populations for the optical, microwave,
and phonon modes, respectively. We numerically evolved
the master equation from an uncorrelated initial state
ρ(0) = ρtha ⊗ ρthb ⊗ ρthc with ρtha,b,c the thermal state of the
three modes, respectively.
As shown in Fig. S2(a) the final steady population
of the optical mode aˆ and the microwave mode bˆ are
higher than their original mean thermal population n¯a
and n¯b due to their interaction with the phonon mode cˆ.
These increments, much smaller than the original ther-
mal population, are found numerically to be of the order
0.004 close to the estimate 0.003 for the terms ma,b ob-
tained from the adiabatic elimination in the Heisenberg-
Langevin picture. The small mismatch, proportional to
Ga,b/ωm ,is due to the next-order contribution from the
interaction between aˆ and bˆ. The high-frequency oscil-
lations of the populations during the evolution are de-
termined by ωm and ∆a,b, which are much faster than
the decay rates κa.b, γ that set the time scale to reach a
steady state.
8Fig. S2(b) shows the transduction dynamics when the
optical detuning is slowly switched from ∆a < ∆b to
∆a > ∆b. The microwave mode bˆ is initially in a ther-
mal state with mean population 0.04 while the optical
mode aˆ is initially in the vacuum state. The populations
of the normal modes Aˆ and Bˆ represented by the blue
dashed and the black thick curve, respectively, remain
almost constant in the process, as expected for an adia-
batic transformation. Meanwhile, their properties switch
between optical-like and microwave-like around the reso-
nant condition ∆a = ∆b.
The phonon mode cˆ and the normal mode Cˆ appear
to remain decoupled from the transduction process, val-
idating the adiabatic elimination of the former.
[S1] A. Chiocchetta and I. Carusotto, Phys. Rev. A 90,
023633 (2014).
[S2] S. Singh, H. Jing, E. M. Wright, and P. Meystre, Phys.
Rev. A 86, 021801(R) (2012).
[S3] D. F. Walls and G. J. Milburn, Quantum Optics
(Springer, Berlin, 1994).
[S4] W. H. Louisell, Quantum Statistical Properties of Radi-
ation (John Wiley, 1973).
[S5] C. W. Gardiner and P. Zoller, Quantum noise (Springer,
2000).
[S6] Note that xc is a dimensionless quantity
